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Abstract

This thesis addresses the fundamental aspects of controlling transport through organic
molecules by presenting a series of studies in the electronic properties of molecular junctions.
The exploration and understanding of the electronic characteristics of single molecules
connected to electrodes is an essential part in the application of electronics. Here, 1
implemented transport calculations based on the Landauer formula combined with Kohn—Sham
orbitals extracted from density functional theory (DFT). Chapter 4 elucidates the validity of a
‘curly arrow rule’, which has been used widely by chemists and physicists to predict the
electronic properties of molecular junctions. Anthraquinone is found to break this rule in the
case of meta connectivity to electrodes. This is significant, because changing the redox state
of meta-connected dihydroxyanthracene to meta-connected anthraquinone, increases the
conductance by a couple of orders of magnitude, due to the transition from constructive to
destructive QI, which can help in the design of the QI based single-molecule switches such as
data storage elements. Finally, chapter 5 presents a theoretical investigation of electron
transport through dimethyldihydropyrene (DHP) and cyclophanediene (CPD) systems focusses
on changes in the conductance as a consequence of photochemical stimuli. These molecules

could be exploited in the function of electronic devices, when responding to external stimuli.
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Chapter 1

“Ambition is the path to success. Persistence is the vehicle you arrive in.”

1.1 Introduction

Molecular electronics involves using single molecules as active components in the electronic
circuits such as transistors[ 1], rectifiers[2], [3], sensors[4], [5] and switches[6]. In 1965, Gordon
Moore noted that the number of transistors per chip doubles every two years, which is known
as Moore’s law. He expected this trend to continue for ten years, but due to the rapid
developments, it lasted a half century later. Due to the limits of Moore’s law [7] as component
approach the sub-10nm length scale, scientists are eager to find substitutes for silicon-based
devices to enable the creation of electronic components at the molecular scale. Therefore, the
field of single molecule electronics has the potential to offer an alternative to silicon-based
devices by replacing the traditional semiconductor with a single molecule. Molecular electronic
devices have attracted scientific interest due to their unique properties, such as the size of a single
molecule, which is typically only a few nanometres. They also allow self-assembly when the molecular
units spontaneously organise themselves into ordered structures by non-covalent interactions. The first
molecular device was proposed by Avriam and Ratner the 1970s as a molecular rectifier to make a
single molecule switch. More recently, the field of molecular electronics has paved the way to
understanding sub-10nm electron transport and associated properties, in order to validate theoretical
models, and open a window to the exploration of new electronic applications at the nanometre scale.
Experimentally, many techniques have been developed in order to study these junctions intensively
such as Scanning Tunnelling Microscopy Break Junctions (STM-BJ)[8], [9] and Mechanically

Controllable Break Junctions MCBJ [10][11].This has enabled connections between the theory and

the experiment, which together have led to recent many advances in this field. The key question



is what are the fundamental processes in molecular junctions composed of a single molecule in contact
with one or more electrodes? One such process is the alignment of the molecular spectrum when it
interacts with the electrode surface and the broadening of molecular orbitals due to the coupling to the
electrode. This results in a charge transfer from the electrodes to the molecule and thereby shifts the
molecular orbital with respect the Fermi energy of the electrode. Eventually, during this process many
effects can impact the electron transport of the junction such as the conformation and orientation of the
molecule, the gap between the highest occupied molecule orbital (HOMO) and the lowest occupied
molecule orbital (LUMO), the alignment of this gap relative to the Fermi level of the electrode and the

metal molecule interface.

In spite of these challenges and limitations to both theory and experiment, much progress in
the development of the molecular electronics has been made, which provides a valuable to
roadmap for the future electronics applications. This thesis covers key concepts in the quantum
transport theory needed to describe fundamental aspects of molecular junctions in the
nanoscale, including an introduction to two theoretical approaches; density functional theory,

which is implemented in the SIESTA code, and the Green’s function formalism of electron transport

which is implemented in the Gollum code.

1.2 Switch Mechanism in single molecules

Molecular switch devices have been studied intensively in the last decades, and have had a
vital impact in order to improve the functionality of the electronics devices and its applications.
Molecular switches based on single molecule are of interest due to their key features such as
size, speed (conductance switching) and stability (large energy barrier between the two
molecular states). This chapter will discuss briefly about the switching mechanism. To clarify
the switching process, I will mainly highlight two kinds of switching mechanism based on the
factor to induce the switch. One example is a switch based on conformation, when the chemical

bond is formed or cleavage by the light or bias voltage. Another is based on redox



switching[12], where the electron typically transfers between two states as shown in chapter
(5).These changes in geometry of the molecules in turn make a difference in their electronic
structure, their electronic transport characteristics and their electrical conductance. In what
follows, my theoretical calculations will be supported by experimental observations in chapter
(5), which highlight the unique characteristics of DHP and its derivatives. The challenge in
creating a useful switch is to achieve a significant difference in the conductance between the
two states. An opening and closing cycle of these switches can be realised by associating the
excited state with the open state and then letting it relax to achieve the closed state and then
stimulating the molecule in a closed state by heat or light or electric field to move over the

energy barrier separating the two states[13].

1.2.1. Switch induced by light (configuration)

Light has been widely used as a switching mechanism in various molecules[14] [15][16][17],
because photochromic molecules have the attractive features that they undergo two reversible,
processes between closed and open states, stimulated by visible and UV light . He et al
investigated the switching behaviour that is induced by the light and its effect on electronic
structure[18]. Previous work demonstrated an accurate picture of switching behaviour for
diarylethene in single molecule junctions. This study attributed the difference in conductance
due to the impact of the change in molecular geometry between the on and off state emphasising
that m-system electrons play a crucial role either in the formation of the closed state or in
deformation for the open one. A difference in conductance of two orders of magnitude is
reached[18][19][20]. Other experimental and theoretical frameworks explained different
photo-isomers of  single molecules, such as azobenzene[21][22] and

[15]dimethyldihydropyrene (DHP)cyclophanediene (CPD ) [23].



1.2.2. Switch induced by charge transfer:

Obviously, charge transfer in the molecular electronics is a crucial factor that can change the
electronics properties of the molecules. Electronic transport based on oxidation and reduction
is called redox reaction, in which usually the HOMO-LUMO gap can be altered. The key point
is how to design a single molecule switch that can change significantly their conductance
between the on and off states. Tetrathiafulvalene(TTF) is a candidate that has been used in a
redox-based switch . Liao et al demonstrated that the change in the oxidation states of TTF can
cause a rearrangement of the TTFdT molecular orbitals, which change the conductance by
about one order of magnitude [24]. Furthermore, anthraquinone has also been used successfully

as switch for molecular junctions that can be reversibly switched.

This molecule is reported to show a difference in conductance when switching between cross-

conjugated anthraquinone and linear conjugated reduced hydroanthraquinone[25].

1.4 Thesis outline

This thesis will report theoretical simulations of the molecular electronics and electron
transport at the nanoscale. To begin with, chapter 2 gives a brief overview of density functional
theory (DFT), which is used in this thesis to study and understand the electronic properties of
single-molecule junctions. Chapter 3 describes the single particle Green’s function based
scattering theory, and related topics such as the Landauer formula and some concepts in
quantum transport. Chapter 4 introduces a theoretical study of anthraquinone and it derivatives
between gold and graphene electrodes and tests the validity of the curly arrow rule on these
derivatives. Chapter 5 presents a study of charge transport in a photo switchable
dimethyldihydropyrene and it derivatives. It also discusses how perturbation theory can be used

to elucidate fundamentals of the switch mechanism in these molecules.



The final chapter presents the conclusions of my thesis and suggestions for future work.
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Chapter 2

Density functional theory

2.1 Introduction

During the last decades, the field of molecular electronics has grown tremen-
dously in understanding the electronic properties. DFT and its implemen-
tation in the SIESTA code[l] is one of the most widely used theoretical
tools by physicists and chemists to gain understanding in the electronic
structure|2][3][4][5]16][7][8]. This theory calculates the ground state of the
organic molecules based on the Khan-Sham formalism. [4][3] This approach
is powerful when considering the electron density and using a variety of ap-

proximations to explore the structural and electronic information in the field

10



of nano-scale molecular junction and predicting experimental results.

These works fall primarily into two sections. The first section is to intro-
duce the basic concept of the density functional theory(DFT) from the start-
ing point of solving the Schrodinger equation, which was a major motivation
for the development of DFT. Coupled with the Born and Oppenheimer ap-
proximation of the nuclei and the two Hohenberg-kohn theorems and finally
to Khan-Sham formalism. These approximations have been necessarily used
to turn DFT to a computational code(Siesta)[1]. The next section is devoted
to Siesta which has been already used extensively in my thesis calculations.
Therefore, in the second section I illustrate the idea of pseudo-potentials and
the basis set to simplify the task of constructing electronic wave-functions.
All of the previous efforts have been done to reduce the expense of the DFT,
meanwhile providing adequate accuracy. Finally, I look at the schematic pro-

cess of self-consistency within SIESTA.
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2.2  The Schrodinger equation

Finding the solution of Schrodinger equation is possible when only a few
numbers of electrons are calculated. However for larger systems, solving the
many body Schrodinger equations is challenging, insoluble and has been a
goal for physicists and chemists to achieve. In general, the Hamiltonian of

many body system is divided to five parts and could be written as:
H=T,+T. 4V, + V. + Vi, (2.1)

Particularly, the atomic system contains electrons and nuclei, the Hamilto-

nian is described as:

N 32 2 2
N h h ZnZime
H=_ _vz . ném
; 2M " & 2m 47‘(’60 Z ~ |Ry — R, | 47reo Z ]rl — 7“]]
7, T, S 7
1 1 Z,.€>
—_— _ 2.2
+47T€02;|7’1'—Rn‘ (22)

where 7. is the kinetic energy of the electron, T, is the kinetic energy of
nuclei and V, , V, are the potential energy of electron and nuclei respec-
tively. Clearly, solving the Schrodinger equation for a simple system such

as the Hydrogen atom is obtainable in order to get the wave function of

12



this system. It is impossible to find the exact solution of Schrodinger equa-
tions for many-body system with more than a few electrons, unless some
approximations are made to tackle this problem. Due to the fact that the
nuclear masses are large, the nuclear kinetic energy could be neglected to

yield Born-Oppenheimer approximation.|9]

2.3 Born-Oppenheimer approximation

We can simplify the Schrodinger equation by using the Born Oppenheimer
approximation, which considers the electronic part of the equation, and ne-
glects the nuclei parts as a result of the massive mass of the nuclei which is
at least three order of magnitude larger than the mass of electron|9||10]which

make it move slower than the electrons|9].

Thus,
N h2
H = —V4+ 2.3
;Zm ! 47T60 Z!rl—r]] 47reo zm R| (23)
- A~
Te V6 Ven
N hg
2,
-~ y ‘/ex 3 6 ECWE 2'4
{;vaz 47r6022|n—rj| Z (i) (24)
- A~
Te Ue
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where V,,; represent the external potential due to nuclei and electron inter-
action.

Moreover, this was the first simplification to obtain the goal. Further steps
are needed, and this based on the spatial coordinates(x,y, z) instead of 3N
coordinates.

U;H(r,R) = EV;(r, R) (2.5)

Where (r) is the electron coordinate, (R) is the nuclei coordinate and (H)
is the Hamiltonian of the system. The Hohenberg-kohn theorems was the
first step to form the density functional theory that determines all the elec-
tronic properties by the ground state densitypo(r)[11][12], which switches the

attention from the wave-function to the ground state density.

2.4 Hohenberg-kohn theorem approximation

The Hohenberg-Kohn theorem is a remarkable theorem which is considered
to be the foundation of DFT due to its ability to determine the ground state
properties of a system and can be applied to any system of electrons moving
in a external potential.
H=T.+ 0.+ Veu(r:) (2.6)
i,J

14



Writing the total electronic energy as functional of density :

Enlp] = Fuxlo] + / 0 vear(r)p(7) 2.7)

Where Fy is the the kinetic and internal energy of the electrons T'[p] 4 Ejp].

|7] [12] This approximation formally relies on two key theorems. The first the-
orem: states that the ground state electronic density is uniquely determined
by only one external potential which means that there cannot be two exter-
nal potentials where veuo(7) # Ve (F) + constant leading to same ground
state density. If we assume that there are two Hamiltonians and different
external potentials where vey, (7) # Ueqt, (T) + constant cannot give rise to
same ground state density.

The second theorem: The global minimum of the total energy functional is
obtained when the density ground state minimizes the functional or in other
words: There exists a universal functional of the density Fyx|p] such that the
ground state energy E is minimized at the true ground state density. Fyk|p]
is only dependent on p(7) and independent from any external potential v(r).

Thus, Fyklp] is a universal functional of p(7).

15



2.5 Kohn-sham approach

The Khon-sham method[4] [13][14] involves working with a fictitious non-
interacting system which mimics the interacting electrons in such a way that
the density of this system is same as the interacting one and removing the
electron-electron interactions. This picture can be formally [4|introduced by
replacing the original Hamiltonian of interacting system with an effective
Hamiltonian of non-interacting particles in effective external potential. Re-
placing the direct interaction in equation(2.4) to one electron potential that

describe the average effect of the interaction

Ne hZ Ne Ne
Hep = %V? ) Vear(ri) + Y Vawe(rs) (2.8)
i=1 i=1 i1
Thereby:
Ne 2 N
. h B
Hepp =) %V? + ) Ve () (2.9)
i=1 i=1

N
Hepp = heps(r) (2.10)
i=1

The ground state energy functional can be written as based on the Hohenberg-

Kohn variational principle:
1 ) p(r
Exslo)] = Vi) + Tlpto)] + 5 [ 57 drat + B, o) =
(2.11)
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The variational problem for the Hohenberg-Kohn density-functional intro-
duces a Lagrange multiplier y to constrain the number of electrons to be
N:

5W@Nﬁ/W%MﬁMﬂ—M/mﬂﬂ—Aﬂ=0 (2.12)

Where F(p) is separated to three part which are:

7
Flp| = / / drdr’ '0 (f
— 1|

Where the first term is the kinetic energy of a non-interacting system and

) | Evp) (2.13)

the second term is the classical electrostatic energy (describing the electron
electron interaction of the classical charge distribution) which is called the
Hartree energy and the last term is the exchange correlation energy which is
the difference between the kinetic energy for interacting and non- interacting
systems and non classical electrostatic interaction energy. Applying this to

equation (2.12) which can then be written as:

0T4(p)
op(r)

= Vics(7) + (2.14)

Vi is the Khon-Sham potential and it is separated into three terms which

are:

VKS:/d ol Z Ve + Vi (7) (2.15)

|7 —r!
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Where the first term is the Hartree potential and second is the exchange

correlation potential which is given as:

5E:m(p)
‘/;:c = T
op(r)

_ 0Ex[p(7)]
= )

The Euler-Lagrange equation(2.14) is now the same as the equation obtained

(2.16)

(2.17)

in the non-interacting system moving in an external potential(one-electron
Schrodinger equations )V g(7)
Solving the one-electron Schrodinger equations to find the ground state den-

sity of non-interacting system :
1 L
[—§V2 + Vies (M) (7) = eihi(7) (2.18)

Finally, Kohn-Sham one-electron orbitals and the electron density for each
spin is defined as,
N
GED G (2.19)
i=1
Where equation (2.19)and (2.20)are called the Kohn-Sham Equations. The

ground state energy for a many-body system(DFT total energy)is:

s =Y en 5/ arar 2P0 [ dren@o) + Buplr) 220

|7 = 7|
[12]
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2.5.1 The Exchange correlation functional

Remarkably, as a result of using the Kohn-sham approach, the reduced
ground state density of a many-body system to one single body problem
is solved. However, the only issue is determining the actual form of the
exchange-correlation energy which is unknown.To overcome this issue an ap-

proximation has been made.

2.5.1.1 Local Density Approximation

There have been hundreds of approximations to the exchange correlation
formed over the past decades|14,15|, one of the simplest is the Local Density

Approximation (LDA). LDA is written as|[15]

Erpalp(r)] =/ (v) Eiglo(r)]d(r) (2.21)

Where Eff.p; is the exchange correlation energy of the homogeneous gas with
density of p(7) LDA is accurate and performs very well when the electron
density varies slowly. So, this kind of functional favours the homogeneous
systems with (sp) bond like graphene and carbon nanotubes. In order to

obtain the term Ef. it is separated into the sum of two contributions as:

ELPA / APV ETSE p(7)] + EFCF[p() (2.22)
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2.5.1.2 Generalized Gradient Approximation

LDA has been improved in the case where the charge density undergoes a
rapidly varying function of position(r). A further step is taken by getting
all the information not only about the density at that point but including
the gradient of electron density which is known as Generalized Gradient

Approximation:

ESAp(7) = [ o) (), 1907 () 229

2.6 SIESTA

Is a full software package that performs DFT calculation to enable solv-
ing the Khon-Sham equations and uses a linear combination of atomic or-
bitals(LCAO) to carry out calculations|[1]. Siesta investigates the electronic
structures of molecules to provide a complete picture about the electronic
properties, such as the charge density, binding energy and many other fea-
tures. Moreover, Siesta plays a major role for the development and use of
density functional theory. In order to provide feasible calculations, there
are many approximations required to make it efficient and reliable. These

approximations will be primary discussed in the next section.
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2.6.1 Pseudopotential Approximation

The pseudopotential approximation is another approximation that is made
in order to solve the many-body schrodenger equation. This approximation
can be reached by splitting the electrons into two types. The core electrons
in which the electrons occupy the filled shells of the atomic orbitals and the
valence electrons which lie in the partially filled shells. A pseudopotential is
constructed by replacing core electrons such that they approximate the po-
tential in such a way that these core electron are felt by the valence electrons.
The core electrons in most molecules do not contribute in the formation of
the molecular orbitals. Moreover,this was first suggested by Fermi in 1934
and in our work a special kind of pseudopotential is used. Chemically, only
valance electrons play a vital role to determine most of the chemical proper-
ties compared to the core electrons. In this regard, approximation is allowed
to get rid of the core electrons due to the rapid interaction with the atomic
nucleus and take advantage of treating only the valence ones. In fact, It
is generally necessary to include the valence electrons because their states
overlap with the other valence electrons states from neighbouring atoms to

form the molecular orbital.
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2.7 Calculation in Practice

The transport calculations in this thesis are performed by using SIESTA
method|1|, starting with constructing the atomic configuration of the de-
sired system and choosing appropriate pseudopotentials for each element,
which can be different for every exchange-correlation functional. Moreover,
choosing a suitable basis set for each element present in the calculation is
a tradeoff between the speed of the calculation and the accuracy which can
be decided by the user. In order to ensure that the calculation is accurate
, another input parameters in need such as the grid fineness and density or
energy convergence tolerances. Another type of parameters is the conver-
gence controlling parameters, such as the Pulay parameter, which accelerate
or maintains the stability of the convergence of the charge density in Siesta.
Next stage, generating the initial charge density for non-interacting systems
from the pseudopotential as shown in figure(2.7.1).

The first stage of the calculation begins when a self-consistent calcula-
tion is set up to calculate the Hartree potential and the exchange correlation
potential. A new charge density is obtained by solving the Kohn-Sham equa-
tions. Then the next iteration is started and repeated many times until the

convergence criteria is reached. Thereby, obtaining the ground state Kohn-
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Figure 2.7.1: Schematic of the self-consistency process within

SIESTA

Sham orbitals and the ground state energy for a particular structure. For
optimisation purposes the process described before is in another cycle, which
is controlled by the a conjugate gradient method to find the minimum ground
state energy and atomic configuration. Finally, when the self-consistency is

performed the Hamiltonian and density matrix are obtained.
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Chapter 3

Transport Theory

3.1 Introduction

This chapter is meant to give an insight about the feild of molecular elec-
tronics. Recently, many investigations have been performed and study a
broad range of applications. When a molecule is connected between two
electrodes, charge flows from one side to the other. Moreover, interesting
features appear due to the quantum effects that are involved in the electron
wave function which will be discussed here. The phase coherent length scale
is a fundamental concept in ballistic transport, because the mean free path

of an electron ¢ > L where L is the length of the sample. In this chapter
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the goal is to give an introduction to scattering problems and relate these
problems to the conductance. Moreover, I will discuss scattering theory and
Green’s functions for different transport regimes such as a one dimensional
structure with an arbitrarily scattering region. Then describe the general
methodology to calculate the transmission coefficient T'(F) in a molecular

junction for electrons passing from one electrode to the other.

3.2 Fundamental concepts in transport curves

At room temperature, electron transport through multiple paths in a sin-
gle molecular junction is mainly affected by the signature of quantum in-
terference. These interference effects lead to resonances or antiresonances,
although experiments can only measure the conductance. This section fo-
cuses on studying these signatures in order to have a broad understanding
of electronic devices and several fundamental concepts will be discussed in-
cluding the Breit-Wigner resonance[16|, antiresonances [17] [18] and Fano

resonances|19][20]
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3.2.1 Breit-Wigner resonance

The Transmission coefficient T'(F) has a peak and can be obtained from the
Breit-Wigner formula and it applies when the energy of an incident electron

resonates with an energy level of the isolated system.

41Ty

T(E) = (E—,)? + (T +Ty)?

(3.1)

Where I'y and I'y is the coupling of the molecular orbital to the electrode
and €, = A — oy — og. Where X\ is the eigenenergy of the molecular orbital
shifted slightly by the amount of ¢ = o, — or due to the coupling of the
orbitals to the electrodes.

This transmission coefficient is affected by many ingredients. When the
coupling to electrode is weak the resonance is sharp. If the electrodes are
symmetric I'; = I'y transmission coefficient can reach its maximum. This
formula is vaild in the case that the level spacing of the isolated molecule is

larger than the width of the resonance.

3.2.2 Antiresonance

The antiresonance phenomena can occur when the energy of the incoming

electron F coincides with the eigenenergy FE,, of one of the two branches as
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Figure 3.2.1: Tight binding model of antiresonance. When two

semi-finite one-dimenstional chains connected to scattering region

shown in figure(3.2.1). A destructive interference occurs between propagating

waves at the nodal point.

3.2.3 Fano-resonance

The appearance for this phenomena is due to the interference between a
discrete state which is weakly coupled with the continuum state, and gives
this asymmetric peak. This kind of phenomena is present because of the
additional site which comes from the side group as shown in figure(3.2.2).
When the pendant group is connected to a central backbone by the coupling
of () which T consider to be more weakly coupled than the coupling to the

open system.

AT Ty
(B —e)? + (I +1y)?

T(E) = (3.2)
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Figure 3.2.2: Tight binding model of fanoresonance. when two

semi-finite one-dimensional chains connected to scattering region

2 . .
Where ¢ = (%J_rg;), when E — ¢ = 0 this gives two cases, when F = ¢; the
Breit-Wigner resonance occurs, but if £/ = ¢4 this generates a resonance close

to an antiresonance and by the superposition of quantum mechanics when

two states are combined to give the new feature of a Fano resonance[20] [21].
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Figure 3.3.1: Tight binding model of infinite chain. (¢;) represent

the site energy while (v,) represents the coupling

3.3 Bond current

Suppose an infinite chain with on-site energy(c;) with coupling of (—~;) The

time independent Schrodinger equation for the system is:

%5 — Vji—1¥j-1 — Vi1 = By (3.3)
Sy = B, (3.4)
2O gy (35
O _ s ) (36)
&i%; — YVji—1j—1 — Vi = E; (3.7)

Picking a particular atom(j) from this system, then the probability of finding
an electron on this atom (j) in time (t) after making many measurements is
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;)] = n(t) (3.8)
where (n;) is the average number of electrons on that atom.

On;(t)
ot

= j—1_>Ij_]j_>Ij+1 (39)

Solving the time dependant Schrodinger equation for the rate of change of

time:
8n5t(t) _ 8!@%?)\ _ %<¢;(t)¢j(t)) (3.10)
) o
= ] 8%2(15) + 1 %t(t) (3.11)

-1 \{% (wj (O () — 5 (t>wj+1(t>) — %1 (%’1“)@ () =¥ (095 (t)> }

J/ (.

Vv Vv
Tj—j+1 Ijy—j

(3.12)
where I; — I,;;; is the bond current from (j) to (j+1) and [;_y — I, is

the bond current from (j-1) to (j)
_ 2 "
[ Toa = 2 mfi g (60 (0) (313)

If ¢; is an eigenstate of H then: I; — [;.1=1; 1 — I; if [¢)) = A(t)|¢)
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3.4 Scattering-matrix

After finding the transmission and the reflection coefficients, it is therefore

possible to calculate the scattering matrix. Solving the time independent

Schrodinger for an electron approaching from the left electrode

wj — ieiklj 4 Ee*ﬂﬂj

Yy VU

the current per unit energy that it carries is:
Lese = | A% — | B?|

for the right electrode:

A ,. B _,.
wj — ezkr]+ efzkrj

VRN
[Tight = |Cz| - |D2|
since the bond current satisfies the relation I; = I,
A% — | B*| = |C*] — | D
And therefore:

| A% + |D?| = B[ +|C”

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

which states that the incoming current is equal to outgoing current. The

wave functions for the left electrode and right respectively are:

Aeikj + Be—ikj
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Ce™*  De=ki (3.21)

To relate the outgoing with incoming coefficients I construct the s-matrix :

B S Sie A
- (3.22)
¢ So1 S92 D
B - SllA + SlzD (323)
C = 52114 + SQQD (324)
If A=1 and D=0:
then: B=r,C=t
B Sn A
= (3.25)
C S A
By comparing with equations (3.23) and (3.24)
Aeikj + SHA == SglAC (326)

S11 is (r) and Sg; is (t) which is the reflection and transmission respec-
tively.

If D=1 and A=0:

B D Sy
= (3.27)

C D Sy

33



By comparing with equation (3.23) and (3.24):

De % 1 S0,D = S1,DB (3.28)

Where Sjy is (t') and Ssy is (') which is the reflection and transmission
respectively.

Then :

SH 512 T t/
S = = (3.29)

Sgl SQQ t 7’/

Since the bond current satisfies the relation I, = I,

A% — | B*| = |C*| — | D (3.30)
And thereby:
| A%+ |D?| = | B?| + |C”| (3.31)
B
(oo )ss| (o o) o

D C
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Where STS is the unitary matrix and a consequence of charge conservation.

r* rot 10
= (3.33)
t* t o 0 1
In terms of scattering theory :
|+ =1=R+T=1 (3.34)
P+ % =1= R +T =1 (3.35)

Where T and R represent the transmission and reflection
In summary, the scattering-matrix is considered to be a powerful tool and is

useful to provide insight about the transport properties in scattering theory.

3.5 The Landauer formula

Typically, in nano-structured devices the fundamental idea of a scattering
problem in transport experiments is to make a connection between the prob-
abilities of the transmission and reflection with the transport properties. This
is extremely useful in nano-scale devices including single molecule electronics.
In a molecular device, the Landauer formula|22||23| describes the transport

of non interacting electrons for a scattering region in terms of a transmission
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coefficient and a Fermi distribution of the connected electrodes. These elec-
trodes supply the system with electrons and these reservoirs have a slightly
different chemical potential (u; — pgr = E > 0) which leads to the passing
of electrons from the left to the right|21]. To calculate the current for this
system moving from left to right in a particular energy range and similarly

from right to left:

The current generated by the chemical potential difference is :

on on
o =e Vga—EéE:euga—E(uL—,uR) (3.36)
Where the electron charge is e, the group velocity is v, , g—g is the density

of states per unit length and can be defined by the chemical potential of the

contact.
0 on ok 0On 1
on _ognor _on (3.37)
OFE 0kOE  Okuyyh
In one-dimension, when having spin dependency % = % , substituting into
Eq. (3.37) gives:
on 1
—=— 3.38
OF  wvgh (3:38)
Equation (3.36) becomes:
2e
ol = E(ML — Kr) (3.39)
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Figure 3.5.1: A scattering region connected to two electrodes. The

electrodes are connected to a reservoir with chemical potential yy,

and pr

2 2
oI = %(W (3.40)

where 0V is the voltage in the reservoir generated by the difference in the

potential. When considering a scattering region, the current passing through

the scatterer to the right lead is written as:

2 2
oI = %Tdv (3.41)
6oF  2¢€?
= —=— 42
ov h (342)
In the absence of a scattering region:
2¢?
= 3.43
== (343
2 2
Go = % (3.44)
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G is the quantum of conductance, equal to 77.5 uS.

In the presence of the scattering region the current will be:

2¢2
G = TT (3.45)
G = GoT(E) (3.46)
=2 [ aBT(B)[f(8) - falB) (3.47)

Equation (3.46) is called the Landauer formula for a one-dimension system.

Where e = —|e| and h is Plank’s constant and T(E) is the transmission
coeflicient.
1
fum(E) = == (3.48)

e kT+1 | 1

is the Fermi-Dirac distribution function and puy(R) is the chemical potential
of the left (right ) reservoir respectively. At zero temperature and finite

voltage the current will be:

1= " dET(E) (3.49)

ev
Ep—=

The electrical conductance at zero voltage and finite temperature is:

G = é G /_ Z JET(E) ( - %)M:EF (3.50)
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Figure 3.6.1: Tight binding model for a doubly infinite chain for

the electrodes.

3.6 Green’s Function

This section provides valuable insight about the concept of Green’s functions
and what sort of information this function contributes to the transport|[24].
Moreover, I analyse the transport properties for different nano-scale systems

by including several situations to show key results.

3.6.1 Green’s function of a doubly infinite chain

This section, presents the Green’s function of the doubly infinite chain for
the electrodes, where the electrodes are a perfect chain as in figure(3.6.1).

The time independent Schrodinger equation is:

(B~ H)lp) =0 (3.51)
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The Green’s function of a system described by a Hamiltonian (H) can be

defined as the solution of

(E-H)G=1 (3.52)
The formal solution to this equation would be given by:
G=(E—-H) (3.53)
Where G is the retarded Green’s function(g;;)
(E—H)gj, =9,y (3.54)

Where ¢ is Kronecker delta, which is equal to 1 if j=I and zero otherwise.

The green’s function for infinite system

€09j1 — V9j+10 — VGj—-1,1 + 050 = Egj (3.55)
if the solutions is :
Aetki >
gj1 = (3.56)
Be i 5 <

Where A and B represent a wave coming from the right and left respectively.

Because a Green’s function is continuous at j—I, T can write that :
Aetti A = qe ™
Gilj=1 = (3.57)

Be % B = qe
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Therefore: g; = «. Applying these results to Eq.(3.55) and considering the

energy for the infinite system I obtain:

(g0 — E)a — yae™ — yae™ = —1 (3.58)
ya(2cosk — 2e™*) = —1 (3.59)
1
= 3.60
“ 2irysink ( )
1
= — 3.61
T (3:61)

Where v is the group velocity. The result of (3.61) and Eq(3.57) combines
to get the Green’s function for the double infinite chain|25][26]:

eiklj_”

thy

95 = (3.62)

Where g, is the retarded Green’s function which describes the two outgoing

waves from the source j=I

3.6.2 Green’s function of semi-infinite one dimensional
chain

To derive the Green’s function of a semi-infinite chain consider the problem of
a double infinite chain. Except, introducing a boundary condition to switch it
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Figure 3.6.2: Tight binding model of a semi-infinite one dimen-

sional chain.

to a semi-infinite chain in order to obtain the Green’s function for this system.
Let’s consider a one dimensional infinite lead with site (o) and coupling of
(—~ )as shown in the figure(3.6.2). This infinite chain must terminate at a
given point P + 1 which means the Green’s function is eliminated at the site
P + 1. This can be obtained by adding a wave function to a double infinite
Green’s function.

The general Green’s function is written as:

git = g5 + Vi (3.63)
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The appropriate wave function is simply:

i = Ae”™ (3.64)
—ikj ‘
A= —% e2k(e+D) (3.65)

The Green’s function terminated at point (p) due to source at (1=j), is:

oihp o=k _ o—ikj p2ik(p+1) p—ikp

- 3.66
9p.j o ( )
From the boundary condition where 1=j=p, thereby:
T
Gpj = —— "I (3.67)
The Green’s function for site j = p due to source at sitel = p
ik
Gpp = —— (3.68)
pb,p 7y

Which is the surface Green’s function.

3.6.3 One dimensional scattering

If I have two semi-finite one dimensional leads connected to each other by a
coupling of (—v) with site energy of (g¢) as shown in figure(3.6.3). Tackling
this simple problem to find the transmission and reflected coefficient of an
electron travelling from the left to the right lead is powerful because it seems
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Figure 3.6.3: Tight binding model of a 1-D scattering region at-

tached to a one dimensional lead

intuitively clear that all scattering problems could be reduced to this simple

form of a one dimensional system. The Hamiltonian takes the form :

—~ 0 0 0 0

-y g —y 0 0 0

= (3.69)

Where Hi and Hj, are the Hamiltonians of the semi-infinite leads and V, is
the coupling to connect these leads. Starting from the Green’s function of
this problem in order to compute the scattering amplitudes which is written
as:

G=(E—-H)!
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The retarded Green’s function has been defined above as equation(3.62)and
the semi-infinite Green’s function is also defined as equation (3.67). In the

case of decoupled leads where o = 0 the total Green’s function is written as:

_i 0 qr 0
g= = (3.70)
0 == 0 gr

The Green’s function for the coupled system can be obtained using the Dyson

equation which is:

G=(g"'-V)"
clearly:
0 V. 0 —«
= (3.71)
VIioo —a* 0

[

Solving Dyson’s equation leads to the Green’s function of this system

which is:

1 e~ -«

’}/26_2ik — a2

G (3.72)

—a e ik
After finding the Green’s function for this system, the scattering coefficients

are obtained by using the Fisher-Lee relation to link the scattering amplitudes

of this problem to the Green’s function of the same problem. The Fisher-Lee
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relation is:

r= Z'h’UGO’O —1 (373)
t = ihvGon €™ (3.74)

These coefficients correspond to a particle travelling from the left, the same
procedure could done in order to compute these coefficients for a particle

travelling from the right.

T = |t|? (3.75)
R=|r? (3.76)

Finally, now obtain the full scattering matrix in order to calculate the zero

bias conductance from Landauer formula equation.

3.6.4 Transport through an arbitrary scattering region

Consider a nano-scale system with a scattering region of sites (1) to (N)connected
to one dimensional electrodes from both sides. Each atom in the lead has
on-site energy (go) with a coupling of (—7).

The wave functions for this system are:

Y = ek 4 pe=thi (3.77)
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Figure 3.6.4: Tight binding model of 1-D scattering region attached

to one dimentional lead

representing the left side.

¢; = te (3.78)

representing the right side.
fi (3.79)

representing the scattering region. The Schrodinger equation in these

regions could be written as respectively: for j < —1

g0 — YWj—1 — YY1 = B, (3-80)

When j=0

g0l — V-1 — nf1 = Eo (3.81)

For scattering region:
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When j=1
SY Hufi — b = Efy

for2<j<N-—1

SV, Huf; = Ef;
for j=N
S Hyifi = vrén = Efy
for j=N-+1
E0PN+1 — YPN+2 — VRIN = EdN11
For j > N +2

€0YP; — VPj—1 — VPj1 = E¢;

When j=0 in equation(3.81) and (3.82):

Yrfi = v

When j=N-1 in equation(3.87) and (3.86):

YrIN = YON

finding 1y and ¢y y1:
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(3.83)

(3.84)

(3.85)

(3.86)

(3.87)

(3.88)



o = Eeikfl — (24)(sink
0

ONy1 = 7—R(eik)fjv
Y

then: ) = X|f) +|S)

Where i and X are the self energy to the left and right lead.

)6ik

—7L%o Xrfi 2ypie*sink
= +
—YRPN+1 YrIN 0
solve that to get:
V) = Egly) +[S5)

) = (I —Xg)7']S)

—7L%o 1 1 —XrgnN  XLGIN St
" det

—YRON+1 —Yrgn1 1 —Xrgn 0

Therefore the transmission (t) could be obtained as:

t= me”“e_ikN(22’32’71]6)(
Y
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gn1

e

)

(3.89)

(3.90)

(3.91)

(3.92)

(3.93)

(3.94)

(3.95)



where the determinant is det = 1—23 gNN_EL 911+ZLER(9119NN_91N9N1>

The transmission probability is T(E) = |¢t|> which could be written as:

2 i 2
vpsink . yisink.  gni?
T(E)=4 .
(B) = 4( TR (L2 S (3.96)
2
T(E) = 40zl |2 (3.97)

det
This is the most general equation to calculate the transmission probability

for any scattering region connected with same electrodes.
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Chapter 4

Breakdown of Curly Arrow Rules in
Anthraquinone

In this chapter, I determine the validity of curly arrow rules in fully conjugated anthracene and
dihydroxyanthracene,  cross-conjugated  anthraquinone and  broken  conjugated
dihydroanthracene attached to graphene through pi-pi stacking and further test the rule for
molecules attached to gold electrodes with thiol and Au-C anchors. I find that this rule breaks
down in molecular junctions formed by cross-conjugated anthraquinone. Curly arrow rules
predict destructive QI for a meta connected anthraquinone core, whereas my calculation predicts
constructive QI. This behaviour is independent of the choice of electrode material or anchor
groups. The results presented in this chapter were published in: J. Algahtani, H. Sadeghi, S.
Sangtarash and C. Lambert, "Breakdown of Curly Arrow Rules in
Anthraquinone", Angewandte Chemie, vol. 130, no. 46, pp. 15285-15289, 2018. Available:

10.1002/ange.201807257.
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4.1 Introduction

Understanding and controlling quantum interference (QI) in single molecules is fundamental
to the development of QI-based single-molecule electronics. Over the past decade, simple rules
such as counting rules, curly arrow rules, circuit rules and more recently magic ratio rules have
been developed to predict QI patterns in polycyclic aromatic hydrocarbons. These rules have
been successful in explaining observed electronic transport properties of molecular junctions
and provide helpful design tools for predicting properties of molecules before their synthesis.
Curly arrow rules are widely used by chemists, material scientists and physicists to predict
destructive QI. Here I examine the validity of curly arrow rules in fully conjugated anthracene
and dihydroxyanthracene, cross-conjugated anthraquinone and broken conjugated
dihydroanthracene attached to graphene or gold electrodes through pi-pi stacking or thiol and
Au-C anchors. For the first time, I demonstrate that curly arrow rules break down in molecular
junctions formed by cross-conjugated anthraquinone. In contrast with the destructive QI
predicted by curly arrow rules for a meta connected anthraquinone core, I demonstrate that QI
is constructive. This behavior is independent of the choice of electrode material or anchor
groups. This is significant, because by changing the redox state of meta connected
dihydroxyanthracene to form meta connected anthraquinone, the conductance of the junction
increases by couple of orders of magnitude due to the cross over form constructive to
destructive QI. This opens new avenues for realization of quantum interference based single

molecule switches.

Single molecule electronics has recently witnessed significant progress[1]. Much attention has
been drawn to phase coherent quantum interference (QI)[2], which plays an essential role in
electronic transport through single molecules[3]. Simple design rules such as counting rules[4],

curly arrow rules[5][6], quantum circuit rules[ 7] and more recently magic ratio rules [§ Jhave been
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developed to predict the effect of interference patterns in polycyclic aromatic hydrocarbons
(PAHs). When a molecule is connected to metallic electrodes with different connectivities,
electrons traversing multiple paths interfere constructively or destructively[9]. This constructive
(destructive) QI leads to a high (low) conductance. The above rules are helpful in identifying if
destructive or constructive QI is expected for a given connectivity. In addition, magic ratio rules
provide information about ratios of conductances belonging to different constructive
connectivities. These simple rules provide basic understanding of a molecular scale junctions and

can qualitatively explain various experiments[5][8][10].

Over the past decades, curly arrow rules (CARs) have been used to predict destructive QI in
molecules[5]. Curly arrows predict the movement of pairs of electrons[6]. When an electron is
placed on a site in a PAH, the charges should be balanced. A bond is broken if electrons are
removed from it; otherwise a bond is formed if electrons are placed between two atoms. This
process is illustrated by curly arrows. When an electron path was formed by moving pairs of
electrons (using curly arrows) between two injection and collection connectivities, constructive
QI is expected. Otherwise, if such a path was not found, destructive QI is predicted[5][6]. For
example for a para connected anthracene (AC1 in figure 4.1a), the arrows shows the path that
the electron could take to travel through the molecule[5]. In contrast, in meta connected
anthracene (AC2 in figure 4.1b), a loop is formed and the electron entered to the molecule cannot
exit[5]. In this case, the CAR predicts destructive QI. Indeed these predictions for anthracene
have been observed experimentally[11]. In anthraquinone, when curly arrows are drawn, due to
the presence of oxygen, there is no path between both para and meta connectivities and therefore,
CARs predict destructive QI for both meta and para connectivities (AQ1 and AQ2 in figure

4.1c,d). However, this is not supported with our first principles calculations.
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(a) A
o SO = O

AC2

AQ1

AQ2

Figure 4.1. The curly arrow rule (CAR). (a) para and (b) meta connected conjugated anthracene
labelled by AC1 and AC2, respectively. (¢) para and (d) meta connected cross conjugated

anthraquinone labelled by AQ1 and AQ2, respectively.

In this communication, I show that the curly arrow rule breaks down. I examine the validity of
CARs using anthraquinone based molecular junctions. In contrast with curly arrow rules which
predict destructive QI for both para (fig. 4.1¢) and meta (fig.4.1d) connected anthraquinone, I
demonstrate destructive QI for para connected anthraquinone (fig. 4.1c), but constructive QI for
meta connectivity. This is independent of the choice of anchor group or electrodes material. In
contrast to conjugated anthracene, anthraquinone is a cross-conjugated molecule. If each oxygen
in anthraquinone was replaced by two hydrogens, a broken conjugated dihydroanthracene is
obtained. In what follows, I also investigate the quantum interference effect in these three types
of molecules. I study the cross-conjugated anthraquinone molecular junctions (AQ1 and AQ?2 in

fig. 4.2) and compare it with its conjugated counterpart anthracene (AC1 and AC2 in fig.4.2) and
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dihydroxyanthracene (QC1 and QC2 in fig. 4.2) and broken conjugated dihydroanthracene
(AH)[12] (fig.4.17). Molecular junctions are formed by attaching these molecules to gold
electrodes via thiol[13](fig. 4.2b) and direct Au-C[14] (fig. 4.2a) bonds and to graphene
electrodes through pi-pi stacking with pyrene anchors[15](fig. 4.2c). I have constructed 22
different molecular junctions by combining ACs, AQs, QCs and AHs with 2 electrodes and 3

anchors.

AC1

QC1 AQ1 AH1 AHT’
L‘H OH )IH o) \ H H H3C CH3 \
SN et socai e saN S SING§ 54
O _ g— oH o H H \ H3C CH3
28 L0, OO0, OO0, OO S,

AC2 QC2 AQ2 AH2 AHZ
Figure 4.2. The structure of three systems with three central cores (AC, QC, AQ, AH and AH’) via

different connectivities. (a) A direct C-C bond with gold. (b) Thiol anchor with gold. (c) Pyrene with

graphene.

4.2 Result and discussion

In order to investigate the electronic properties of the junctions, I used the DFT code SIESTA to
obtain the optimized geometry adopting the generalised gradient approximation (GGA) and PBE
functional for the exchange and correlation. We also chose a double-{ plus polarized (DZP) basis
set. The geometry of each structure was relaxed to a force tolerance of 20 meV/A. A real-space
grid was defined with an equivalent energy cutoff of 150 Ry. To calculate electronic properties of
the molecules in the junction, from the converged DFT calculation, I extracted the resulting mean-
field Hamiltonian and overlap matrices and used them to compute the electrical properties of the
devices with transport code Gollum[16] to calculate the transmission coefficient 7(E) of electrons

with energy E passing from one electrode to the other. The conductance is proportional to 7(E)
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via Landauer formula G=GoT(EFr) where Go is conductance quantum, and Er is the Fermi energy

of electrode.

(c) 0
- 2|
O a4l
4
-6 —AC1
—AC2
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4 0 1

E(eV)

Figure 4.3. Transmission coefficients for electrons passing through the junctions with graphene
electrodes via pyrene anchor groups. (a,b) example of junctions formed by AC cores connected to
the anchors from para and meta. Transmission coefficients for (c) AC1 and AC2. The features
around E=lelV are mainly due to the changes in the number of open channels in graphene

electrodes.

Figure 4.3 shows the calculated transmission coefficient for junctions with graphene electrodes.
Figures 4.3a,b show examples of the junctions formed using graphene electrodes via para and

meta connectivity, Figures 4.5a,b where AQ’s are connected from different connection points to
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two pyrene electrodes through acetylene linkers. Pyrene anchors are connected to the electrodes
(figure 4.3a,b) ,figure(4.4a,b) and figure(4.5 a,b) through pi-pi interaction with the pi system of

graphene.

(a) (b)

(c) 0
¥ -y 7] 3
— AN i #
8 ‘4 ‘g. "-.::.. ...". l
B} QC1
..... QC2 s
-8
-1 0 1

E(eV)
Figure 4.4. Transmission coefficients for electrons passing through the junctions with graphene
electrodes via pyrene anchor groups. (a,b) example of junctions formed by QC cores connected to
the anchors from para and meta. Transmission coefficients for (c) QC1 and QC2. The features
around E=lel are mainly due to the changes in the number of open channels in graphene

electrodes.

Figure 4.3¢ shows the transmission coefficient for graphene junctions formed by AC cores. In
agreement with previous theoretical[11][17]and experimental studies[11][18][19], the
conductance of para connected AC1 (fig. 4.2) shows high conductance due to a constructive QI

whereas a low conductance is obtained in AC2 due to a destructive QI (fig. 4.3¢). Note that since
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the junction, including leads and molecule is formed from carbon and hydrogen, a uniform charge
distribution is expected. Therefore, the DFT Fermi energy lies close to the middle of the HOMO-
LUMO gap. Similar behaviour is obtained in the graphene/QC’s/graphene molecular junction

(fig. 4.4)

3
90
g

»
()
.
X
()

()
get
g

”,
\)
(4
¥z

© of . . .
: l
l'

21 T
l_ s iQ&l
34l \N_i |
- 7/ —--AQf

h \'\i/ ~--AQ2

8 L— . .

Figure 4.5. Transmission coefficients for electrons passing through the junctions with graphene
electrodes via pyrene anchor groups. (a,b) example of junctions formed by AQ cores connected to
the anchors from para and meta. Transmission coefficients for (¢) AQ1 and AQ2. The features
around E=lel are mainly due to the changes in the number of open channels in graphene

electrodes.
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The transmission spectrum of QC’s is slightly shifted to the right (negative gate) compared to
T(E) of AC’s. This is due to a weak electrostatic gating effect of the oxygen atoms in QC’s. In
Both AC and QC molecular junctions, the conjugation is not broken and curly arrow rules works
perfectly.

In contrast, in the junctions formed by AQ molecules, meta connected AQ2 shows a high
conductance and constructive QI (blue curve in fig 4.5.c) whereas para connected AQ1 exhibits

destructive QI with a low conductance (red curve in fig. 4.5c).

(b)

61 —AC1 1
—AC2

-1 0 1 2
E(eV)

Figure 4.6. Transmission coefficients for electrons passing through the junctions with gold electrode

through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by AC cores

connected to the anchors from para connectivity. Transmission coefficients for (c) AC1 and AC2.
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This is opposite to the prediction using curly arrow rules, because when electrons are injected
from the left green site in (fig 4.5a,b) there is no electron path to the green sites (fig. 4.5a,b) using
curly arrow rules. Therefore, destructive QI is predicted from CARs, which is not supported with
our calculation shown in (fig 4.5¢) where AQ2 exhibits constructive QI. Similarly, the meta-
connected AQ2 shows constructive QI with high conductance, which is not consistent with
predictions from curly arrow rules. This demonstrates that curly arrow rule breaks down in the

meta connected anthraquinone.

To demonstrate that this is a generic feature of anthraquinone-based molecular junctions, I study
electron transport properties of the junctions formed from gold electrodes using either thiol or

direct Au-C anchor groups connected to AC, QC and AQ with meta or para connectivities.

(b)
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Figure 4.7. Transmission coefficients for electrons passing through the junctions with gold electrode
through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by QC cores

connected to the anchors from para connectivity. Transmission coefficients for (¢) QC1 and QC2
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(Figs 4.6, 4.7,4.8) shows the transmission coefficient through the gold electrodes via direct Au-
C coupling with acetylene linkers in the case of AC, QC and AQ. Junctions formed with AC1
and QC1 molecular cores show constructive QI whereas those formed by AC2 and QC2

molecular core shows destructive QI (figs. 4.6¢,4.7¢).

The DFT Fermi energy lies in the tail of HOMO resonance in agreement with previous report
[38]for molecular junctions formed through direct Au-C bond. Clearly, the destructive QI dip in
QC2 has shifted to the right compared to AC2 due to the electrostatic gating effect of the oxygen

atoms.
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Figure 4.8. Transmission coefficients for electrons passing through the junctions with gold
electrode through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by AQ
cores connected to the anchors from para connectivity. Transmission coefficients for (c) AQ1 and

AQ2.
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The results for AC and QC are in agreement with predictions from curly arrow rules. However,
the CAR again breaks down in the junctions formed by AQ molecular cores (fig. 4.8¢), in
agreement with our result obtained in graphene junctions (fig. 4.5). It is worth mentioning that
although the transport is still HOMO dominated in the gold/AQ/gold junctions, the Fermi energy

is closer to the middle of HOMO-LUMO gap.
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Figure 4.9. Transmission coefficients for electrons passing through the junctions with gold electrode
with gold electrode connected to thiol anchor (a,b) example of junctions formed by AC cores

connected to the anchors from para connectivity. Transmission coefficients for (c) AC1 and AC2.
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I now consider a third system, where the three central cores are attached to gold electrodes
through thiol anchors (Figs 4.9, 4.10 and 4.11) shows the transmission coefficient obtained for
these junctions. Clearly, the result is in excellent agreement with junctions formed from gold
electrodes with Au-C direct anchoring (fig. 4.6, 4.7 and 4.8) and graphene electrodes (fig. 4.3,

44 and 4.5).

Again, the conductance of the molecular junctions formed by both AC and QC molecular cores
shows constructive and destructive interference for para and meta connectivities, respectively
(figs. 4.9¢, 4.10c¢) in contrast to the gold/AQ/gold junctions where opposite behaviour is obtained
(fig. 4.11c).
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Figure 4.10. Transmission coefficients for electrons passing through the junctions with gold
electrode through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by QC

cores connected to the anchors from para connectivity. Transmission coefficients for (¢) QC1 and

QC2.
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Figure 4.11. Transmission coefficients for electrons passing through the junctions with gold
electrode through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by AQ

cores connected to the anchors from para connectivity. Transmission coefficients for (c) AQ1 and

AQ2.

In order to understand the difference between the transmission coefficients of AQ and QC

cores, | examined the evolution of the transmission coefficient starting from QC2 and then

increasing the distances d between the hydrogens and oxygens of the two carbonyl groups in a

series of steps. Fig. 4.12 shows that as d increases, the HOMO of QC2 evolves into the LUMO

of AQ2 (see also figs 4.13 and 4.14), which pushes the anti-resonance from the HOMO-LUMO

gap of QC2 into the LUMO-LUMO+1 gap of AQ2.
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\Figure 4.12. Transmission coefficients for the QC2 junctions with gold electrode connected

to thiol anchor (a). The hydrogen connected to the oxygens are initially placed at their
equilibrium distance (4 = 1.01 angstroms) from their neighbouring oxygen. Then the
distance between the hydrogens and oxygens in the two carbonyl groups is increased in a

series of steps, indicated by the legend.

LUMO+1 .m. m
131 -0.92

LUMO m. M
2.40 -1.82

Es o e aaaN
-3.41 -2.83
-4.49 -3.93
-5.37 -4.76

Figure 4.13. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and
LUMO+2 levels in AC1 and AC2.
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Figure 4.14. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and
LUMO+2 levels in AQ1 and AQ?2.
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Figure 4.15. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and
LUMO2 levels in QC1 and QC2
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When comparing the anti-resonance in the para-connected AQ1 with those of the meta-
connected AC2 and QC2, it is helpful to note that in addition to the electrostatic gating effect
by oxygen, the character of the frontier orbitals changes, such that (see figure 4.17) the HOMO
and LUMO of QC resembles the LUMO and LUMO+1 of AQ. The effect of this, is most
clearly illustrated in figures (4.6, 4.7and 4.8), where the meta-connected AQ2 possesses an
anti-resonance in the gap between the LUMO and LUMO+1 (at 1.5eV). This anti-resonance

evolves into the anti-resonance between the HOMO and LUMO of QC2.
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Figure 4.16. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and
LUMO+2 levels in AH1 and AH2
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Figure 4.17. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and

LUMO+2 levels in the isolated system.
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This surprising behaviour in the AQ2 based junctions is also present in a simple tight-binding
model of p orbitals within the molecules, in which the AC or AQ cores are connected to two 1D
leads through a weak coupling. Figure 4.18 shows the calculate transmission coefficient 7(E) for
both meta and para connected junctions. Figure 4.18a shows 7(E) for anthracene junctions with

all on-site energies 0=0 and hopping integrals y= -1.
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Figure 4.18. Simple tight-bindingg model. (a) The transmigssion coefficient for QC1 (blue line) and
QC2 (red line). Inset (a) lattice structure considered in TB model. All on-site energies and couplings
in a are £=0 and y=-1, respectively, (b) differential conductance of QC1 versus bias V;, and gate V,
voltages (c) the transmission coefficient for AQ1 (blue line) and AQ?2 (red line) where all on-site
energies and couplings in a are =0 and y=-1, respectively; except on-site energies at sites m and m’

(em=em—=1.5y) and (b) differential conductance of AQ1 versus bias V), and gate V, voltages.

Clearly, constructive QI is obtained in the conjugated QC1 (AC1) junction compared to QC2
(AC2). When (m and m ‘ in the inset of figure 4.18a) hydrogen atoms in anthracene are replaced
by oxygen, the on-site energies are increased due to electrostatic gating induced by oxygen atoms.
This is captured by a minimal tight-binding model of cross-conjugated AQ junctions, where I
only change the on-site energies at sites m and m’ (see inset of fig. 4.18a) to em=em'=-1.5y. This
is because, in the cross-conjugated structure, the site energy of carbon attached to an oxygen is

increased. As shown by the resulting transmission coefficients in figure (4.18c), this leads to
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destructive QI for para connectivity and constructive QI for meta connectivity, in agreement with

the 7(E) of figure (4.11c), calculated by DFT.

I also calculated the current through the junctions versus different bias Vb and gate Vg voltages.
By differentiating the current with respect to the bias voltage, 1 obtain the differential
conductance G = dI/dV». In this model, | assume that the main bias potential drops at the interface

between the leads and molecules and the gate voltage potential profile is uniform over the

junctions.
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Figure 4.19. The transmission coefficient for the broken conjugation dihydroanthracene (AH) when
connected to graphene. (a) para connectivity (b)meta connectivity (c¢) for the dihydroanthracene

(AH) (d) when the H of each carbonyl group is replaced by CHj.
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Figure (4.18b,d) shows the calculated differential conductance for QC1 (AC1) and AQI1
junctions, respectively. The higher and lower conductance are illustrated by dark blue and white
colours in figures (4.18b,d). By changing the redox state of QC1 to form AQI, the conductance
of the junction decreases by a couple of orders of magnitude due to the cross over form
destructive (the diamond involving V=0V and V=0V in figure 4.18b) to constructive QI (the
diamond involving V»=0V and V=0V in figure 13d). This opens new avenues for realization of

quantum interference based single molecule switches.
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Figure 4.20. The transmission coefficient for the broken conjugation when connected to gold
electrode via Au-C bonds. (a) via para connectivity (b)meta connectivity (c) for the

dihydroanthracene (AH) (d) when the H of each carbonyl group is replaced by CHj;
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In order to understand how interference patterns are affected by replacing oxygen atoms in
AQ with two hydrogens to form broken conjugated dihydroanthracene (AH), I calculate the
transmission coefficients for two para and meta connectivities attached to graphene or gold

electrodes through either pi-pi stacking or using thiol or direct Au-C anchors.

Figure 4.19¢,4.20c and 4.21c shows the transmission coefficient for these junctions. There is no
signature of a strong destructive interference dip in these junctions in contrast with the destructive
QI predicted by CARs. The transmission is slightly lower for meta connected junctions compared

to para ones around DFT Fermi energy.
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Figure 4.21. The transmission coefficient for the broken conjugation when connected to gold
electrode via thiol (a) para connectivity (b)meta connectivity (c) for the dihydroanthracene (AH)

(d) when the H of each carbonyl group is replaced by CHa.
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Replacing hydrogens with methyl groups does not change the overall trends although the
magnitude of differences between mera and para connectivities is generally more pronounced

(figs. 4.19d,4.20d and 4.21d).

Figure 4.22. The modified curly arrow rule (CAR). (a) meta connected cross conjugated

anthraquinone labelled byAQ2.

Figure(4.22) suggests that it should be possible to form a transport path through n-system from
one electrode to the other, as indicated in figure (4.22). Essentially, if it is possible to form two
equivalent pathways from different donors to same oxygen, this will lead to constructive
interference, whereas this approach in not allowed in the case of para connectivity in which

destructive interference is occurred.

4.3 Conclusions

In summary, I demonstrated that the charge transport of anthraquinone and its derivatives in
different conjugation systems. DFT calculation reveals that a curly arrow rule is broken in the
case of the cross conjugated molecule (anthraquinone). Confirmation that this rule is still

broken when trying various of anchor groups with two different kinds of electrodes, shows that
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this behaviour is a generic feature for anthraquinone. This behaviour originates from the
evolution of the HOMO of dihydroxyanthracene into the LUMO of anthraquinone when
removing of the hydrogen atoms from the OH groups of dihydroxyanthracene. The
conductance of the junction increases by a couple of orders of magnitude due to the transition
from constructive to destructive QI. This opens new avenues for realization of QI-based single-
molecule switches. Curly arrow rules predict destructive QI for a meta connected anthraquinone
core, whereas the first principle material specific calculation predicts constructive QI. This
behaviour is independent of choice of electrode material or anchor groups and arises from the
evolution of the HOMO of dihydroxyanthracene into the LUMO of anthraquinone upon removal
of the Hs from the pendant OH groups of dihydroxyanthracene. This pushes the anti-resonance
from the HOMO-LUMO gap of meta-connected dihydroxyanthracene into the LUMO-
LUMO+1 gap of meta-connected anthraquinone. In addition, I find that the destructive
interference predicted by curly arrow rules in broken conjugated dihydroanthracene is not
apparent in DFT-based transport calculations. Although, curly arrow rules are widely used by
chemists, material scientists and engineers and have been successful in predicting destructive QI
in many molecular junctions, it is not valid in cross-conjugated anthraquinone with meta

connectivities to electrodes
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Chapter 5

Charge Transport in Photo-switchable
Dimethyldihydropyrene Derivatives

5.1 Introduction

This chapter provides a detailed understanding of the electronic and transport properties of the
photo-switchable dimethyldihydropyrene and its derivatives. Since, the conductance of a single
molecule is sensitive to the change of the molecule structure, which in this case can be induced
by light, it is crucial to understand how this behaviour is influenced by molecular orbitals. In
this chapter, a theoretical model is proposed to extract additional information about the change
in the electrical conductance and a tight binding model is developed to describe how the switch
takes place. This model suggests that the low and high conductance of DHP in connectivity of
(5,12)ON ,(2,9)ON and CPD in connectivity of (5,12)OFF , (2,9)OFF respectively are found
to be a consequence of an energy level crossing between the HOMO-1 and HOMO , which

occurs as the molecule, makes the transition between open and closed states.
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The field of molecular electronics has received a significant attention over the past
decades[1][2][3][4]. Molecular switches have been studied extensively due to their ability to
switch between two states under external stimuli such as an electrical field or
light[5][6][7][8]. This switchable behaviour is attractive in the field of electronics devices,
and its applications. However, many challenges are still present on the road to improving
functions towards useful electronic applications. Photochromic molecules, have been widely
investigated in single-molecule junctions, such as dimethyldihydropyrene
(DHP)/cyclophanediene (CPD) [9], [10], [10]-[14]. These molecules undergo changes in
conductance and structure due to the significant effect on charge transport when irradiated. A
variety of photo-switchable molecules have been widely used, due to their ability to be
reversibly switched either photo chemically or thermally between two different conducting
and non-conducting states [15][7] [16][5]. Various previous experimental works have

investigated the properties of such photochromic molecules[17][18][19] [20].

ON,g1=00
OFF,&1=0

Figure. 5.1 Tight binding model of the switch. A numbering system for the core correspond to the

connectivity (2,9) and connectivity (5,12) for ON state when £=0c0 and OFF state when &=0
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To understand the origin of switching behaviour of DHP with connectivity of (5,12) and (2,9)
as one changes from the open to the closed to the open structure, I shall first introduce a tight
binding model, which allow us to follow the transition smoothly from one state to the other.
Fig 5.1 shows the cores of DHP (corresponding to the ‘on’ state of the switch) and CDP
(corresponding to the ‘off” state of the switch). When the pyridyl anchors (not shown) are
connected by single or triple bonds to the cores in (5,12) and (2,9). The notation used to refer
to these molecules is summarised in Table 5.1. To model the evolution between the ‘ON’ state
and ‘OFF’ state, we start from the simplest tight-binding model of a pyrene core, with 14 p.
orbitals labelled 1 to 14, in which each orbital is assigned a site energy of zero and a nearest

neighbour hopping integral of -1.

Then to model the core, in which there are no p- orbitals on atoms 15 and 16, we set their site
energies to e1=c0. (Note that when &1 = oo all properties of this model are independent of the
bond a between sites 15 and 16.) To model the OFF state of the core, the hopping integral a

connecting sites 15 and 16 is set to zero and the site energies of sites 15 and 16 are set to

Z€10.

(5,12) ON, g,=00
(5,12) OFF, £,=0
(2,9) ON, £,==
(2,9) OFF, £,=0

Table 5.1. Notation used to refer to different molecules and the values of the tight binding
parameter &1 used to model the ON and OFF states.
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Figure (5.2) shows how the frontier orbitals of this tight binding model evolve as a function
of &1, starting with the ‘parent’ molecule at e1 = 0 and evolving to the frontier orbitals of the
‘daughter’ at large &1. Due to the asymmetric nature of the parental HOMO and LUMO about
a line passing through sites 15 and 16, the perturbation due to €1 on sites 15 and 16 does not

couple to the HOMO and LUMO.
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Figure 5.2. Frontier orbitals of the tight binding model for various values

Figure (5.3) shows the corresponding transmission coefficients obtained when one-
dimensional tight binding chains are weakly coupled to sites (5,12) or (2,9). For the (5,12)
connectivity, the transmission resonances associated with the parental HOMO and LUMO are
indicated by vertical dashed lines. As noted above, since these molecular orbitals have no
weight on sites 15 and 16, they are insensitive to the value of e1. On the other hand, as

shown in figure (5. 2), the parental LUMO+1, HOMO-1 and HOMO-2 have a non-zero
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weight on sites 15 and 16 and therefore as €1 increases from zero, the energies of these
orbitals increase. As indicated by the black arrows, this causes the parental HOMO-1 to cross
the parental HOMO and evolve into the HOMO of the daughter, eventually becoming
degenerate with the parental LUMO. At the same time, as indicated by the red arrows, the
parental HOMO-2 increases in energy and eventually becomes degenerate with the parental
HOMO. This degeneracy occurs, because for €1 = oo the daughter molecule is equivalent to

a ring of 14 sites with periodic boundary conditions, whose energy levels are given by E =
—2cos 2:—471 ,n=0,%1,43,+4,15,1+7,£8,9. Figure (5.3) (lower panels) shows that the
same behaviour of the HOMO-2, HOMO-1 and LUMO+1 also occurs for (2,9) connectivity.

However, in this case, the HOMO and LUMO are ‘silent.” In they do not couple to the

external leads and do not create a resonance in the transmission coefficient.

(5,12), £,=0 (5,12), £,=0.5 (5,12), £,=1 (5,12), £,=5 (5,12), £,=100
0 0 0 0 0
2/ 210 ™ 2™ "\ 2 / -ZM
g 4 -4 -4 -4 -4
S >
6 6 Iy 6 6
) - 8 -8 8
10 10
-1 0.5 0 05 L | 05 0 0.5 1 -10 -10 -10
E(eV) E(eV) -1 05 0 05 1A 05 0 05 1 719 05 o 05 1
E(eV) E(eV) E(eV)
(2,9), £,=0 (2,9), £,=0.5 (2,9), £,=1 (2,9), £,=5 (2,9), £,=100
(b) 0 0 0 0 0
1 1N |5 AN B 9 M
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Figure (5.3) Evolution of the (5,12) and (2,9) transmission coefficients as €; increased from zero
to 100, where the latter value is in effect infinity, since no significant change is found for higher
values of €;.
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The magic ratio rule based on the magic numbers(Mj;;) in figure (5.4), which predict electrical
conductance corresponding to different connectivities of polyaromatic hydrocarbons (PAHs),
in the co-tunnelling regime. When a single molecule is weakly connected to the electrodes

via sites (i) and(j), electrons passing through the molecule from one electrode to the other.

To obtain the table of magic numbers (also known as a M-table) shown in figure 5.4, first
construct a connectivity table for the core molecule by placing a (1) when two sites are
connected and zero otherwise. Then the M-table is obtained by taking the inverse of the
connectivity table and multiplying by the determinant. The transmission of the core is
connectivity dependent and can be calculated from the magic number associated with each
connectivity. This rule states that the conductance ratio of two molecules is equal to the

square of the ratio of their magic integers [21].

Interestingly, at e1 = 0, the transmission coefficients of the parents, for both connectivities,
exhibit destructive quantum interference (DQI) at the gap centre. This is predicted from the
‘magic number table’ for the parental core, shown in figure (5.4), which contains zeros at
clements Ms ;, and M, 4.

[ |2 |45 |8 10]22[14] 16|
= T

-11 -1 1 -1

BEN: 1111 11 0
BElo o221 1 0o 1
o oo 0 -1
BElo oo a1 0 1
000 1 -1 0 -1
0 0 0 -1 ool
alalelelalal

Figure 5.4 An example of the bipartite pyrene lattice together with its M-Table
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5.2 Results and Discussion

To demonstrate how the swap occurs in the symmetry between the molecular orbital of HOMO
and HOMO-1 taken place, I used DFT to optimize the geometry and he ground state
Hamiltonian with overlap matrix elements of each structure combined with the quantum
transport code Gollum to compute the transmission coeffienet of the system. Siesta employs
psudo-potential to account for the core electrons and linear combination of atomic orbital to
construct the valence states. The generalized gradient approximation (GGA) of the exchange
and correlation functional is used with the parameterization (PBE), a double-{ plus polarized
(DZP) basis set and a real-space grid was defined with an equivalent energy cutoff of 150 Ry. The
geometry of each structure was relaxed to a force tolerance of 20 meV/A. The above analysis leads
us to identify a new concept for molecular switching, based on changing the relative symmetry
of the HOMO and LUMO due to level crossing during the switch transition. When this
symmetry change takes place, quantum interference within the HOMO-LUMO gap changes

from being destructive to constructive, leading to a large change in electrical conductance.

This level crossing is a consequence of the different symmetries of frontier orbitals For
example, as shown in figure(5.2), when atoms 15 and 16 are perturbed bye1 = 0.5, the HOMO
is found to cross the HOMO-1 , because the perturbation affects differently the HOMO and
HOMO-1. In the case of open state when &1 = 0, it is noted that HOMO-1 is symmetric which
means it is going to be affected by the perturbation &1 significantly more than the antisymmetric
HOMO figure (5.2). Which means this switch is governed by this change in the molecular

orbitals.

More importantly, a simple model of tight binding could explain the difference in transmission
coefficient between the ON and OFF states. In which this difference is independent of the

connectivities between (5,12), (2,9)for the ON state, and (5,12) (2,9) for the OFF state and only
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depends on the behaviour of molecular orbital states in these molecules. To understand the
significance of switching the relative symmetries of the HOMO and LUMO, a molecular

orbital rule has been used to investigate the transport properties for both connectivities.

To confirm the above behaviour, I have carried out detailed DFT modelling of these molecules the
properties of these molecules was examined using DFT. I investigated the switchable
molecule dimethyldihydropyrene(DHP) ON state /cyclophanediene (CPD) (OFF state) with
their distinguishable conducting features with two connectivities (2,9) and (5,12) when the
only difference between the two connectivities is in the attachment of a series of alkyls as
pendant group. These pendant groups do not expect to be chemically reactive, but only

change the geometry.

(5,12)ON (5,12)’'ON (2,9)ON (2,9)ON

(2,9)*ON

(5,12)OFF (5,12)’OFF (2,9)OFF (2,9)Y0FF

Figure 5.5. The structure of five systems with two connectivities connected to pyridine anchor group
for all structures(a) (5,12) ON state with acetylene spacer(b) ON state (5,12)° without acetylene
spacer (c) (2,9) ON state with acetylene spacer. (d) (2,9)’ ON state without acetylene spacer. When
(a’) (b’) (¢’) (d’) same systems with OFF states. (e)ON state (2,9)* with same connectivity as (c)but

with different connection in the internal part of the core with chain of CH3.
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In fact, these calculations are computed with these molecules when they linked to bipyridine
as anchor groups in the presence of the acetylene spacer in one case and in the absence of that
space in another case for both connectivities as shown in figure (5.5). These molecules

covalently bond to gold electrodes to provide robust connection to the molecular junction[22]

Switching properties of dimethyldihydropyrene derivatives, were first reported by Boekelheide
et al , who demonstrated that they can be opened to the colourless cyclophanediene (CPD)OFF
under irradiation by visible light[18]and then switched back to (DHP)ON when subjected the
heat or UV light. Recent theoretical studies have shown that these molecules possess robust
photo-switchable behaviour when embedded between two gold electrodes[23], [24][25][26].
One positive advantage of this behaviour is that it leads to a dramatic change in the
conductance, which make these molecules good candidates to design effective electronic
devices. Until recently, there has been no reliable investigation showing how effectively
molecular orbitals can play a role to switch between the two states. Our aim now is to elucidate
the appearance of these states using DFT to support the above TB calculation, in order to
provide a microscopic explanation of this feature. Here, Dimethyldihydropyrene with
connectivity (5,12) and (2,9) and its derivatives studied when they contacted to a gold
electrodes via bipyridine as anchor group either directly or via an acetylene spacer in which
bipyridine enables stable junction and better junction formation [27][28]. This study is

to assess the influence of the acetylene spacers to know the impact of removing this spacer on
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the conductance in both connectivities. Which have a significant effect on the photo-switch

function of these molecules.

(c)

log(T)

—(5,12)ON 1
—(5,12)OFF

-10 b———e
15 1 05 0 05

E(ev)

Fig. 5.6. DFT-based transmission calculations. (a) The molecular junction containing (5,12) ON
with acetylene (b) (5,12)OFF with acetylene (b) Transmission as a function of energy for the ON

(blue) the OFF molecule (red).

To analyse the switch mechanism, the electronic transport of the ON states for a various
switchable molecule (5,12) and (2,9) were calculated with the corresponding OFF states of
same connectivity as shown in figure (5.1). Then plotted the calculated transmission function
of the (5,12) and (2,9) ON states and their OFF states in figures (5.6 and 5.7).
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A higher transmission probability was found for (5,12) and (2,9) in ON state compared to (5,12)
and (2,9) in OFF state by about two orders of magnitude. This result is confirmed

experimentally for the case of (5,12)ON and OFF state in the literature[10].

(c)

log(T)

-8t -—(2,9)ON
-—(2,9)OFF
-10
15 -1 -05 O 0.5
E(ev)

Fig. 5.7. DFT-based transmission calculations. (a) The molecular junction containing (2,9) ON

with acetylene (b) (2,9)OFF with acetylene (c) Transmission as a function of energy for the ON

(blue) the OFF molecule (red).

This finding can be explained due to the extended pi-conjugation across the whole junction in

(5,12) ON, whereas some of the conjugation is broken in the case of (5,12) OFF.

In the following, two different pi-conjugated molecules were evaluated (2,9) ON and (2,9)
OFF with same anchor when the spacer is included figure (5.7a) and (5.7b). As I introduce the
spacer, this makes the conjugation extended all over the junction, when both molecules are ON
and OFF. The transport through the ON state is dominated by a fully conjugated system,

whereas some of conjugation are missing in the OFF state. The calculated transmission
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function for the (2,9)ON and (2,9)OFF using DFT is presented in Figure (5.7¢), which shows
a higher value of transmission coefficient for the ON case compare to the OFF, as expected
with smaller HOHO-LUMO gap in both (5,12)ON and (2,9)ON. To examine the possibility of these

molecules to switch or not, in the case where the acetylene is presented in both states.

I have applied electric field, which cause molecules to respond and make some changes in the
configuration in order to induce the cleavage and thereby switch the state. An external electric
field is applied correspond to different electric fields, ranging from 0.1 to 1 V/A%to the isolated

molecules (5,12) ON and (5,12) OFF along the transport direction (z).

(a) (b)

-0.98

-1.02

AE(ev)
AE(ev)

-1.04

-2.2 -1.06
0.2 0.4 06 08 1 12 0 0.2 0.4 0.6 0.8 1 1.2

Electric field(V/A°) Electric field(V/A°)

5.8. The resulting energy difference between ON and OFF states (AE) vs Electric field in (5, 12)

connectivity when (a) the acetylene is presented (b) acetylene not presented.

I calculate the total energy for (5,12) ON and (5,12) OFF when the acetylene spacer is included
and take the difference between them which is (AE) in the presence of the electric field using
different values of electric field as in figure (5.8a). Subsequently, this calculation indicates that
switch behaviour is not possible. I attributed the failure in switching the closed state due to the
presence of spacer, which play an essential role in this behaviour. Acetylene make the m orbitals

extended all over the junction and make it harder to switch between two states. Therefore, I

91



have removed the spacer acetylene to study how important does the absence of this space play
a role to affect the conductance. Also, test whether or not these molecules with different
connectivities (2,9) and (5,12) in this geometry are possible to be open. The absence of this
space introduces a ring rotation for the pyridine relative to the 1 system of the core as shown

in figure (5.9-10).

C)

(b)

(c)

log(T)
EN

8 —(5,12)'ON
—(5,12)'OFF

-10
15 1 05 0 0.5

E(ev)
Fig. 5.9. DFT-based transmission calculations. (a) The molecular junction containing (5,12)’ON

without acetylene (b) (5,12)’OFF without acetylene (¢) Transmission as a function of energy for

the ON (blue) and the OFF molecule (red).
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Toward this goal, I constructed these molecules without the acetylene spacer as shown in figures (5.4

b, b, d, d"). In contrast, attaching the (5,12)’0ON and (5,12)’OFF to the bipyridine without the
acetylene spacer figure (5.9). Obviously, this caused a decrease in the difference between the
ON and OFF state in which this difference is less than one order of magnitude, where this was
not the case in the present of the spacer. This result demonstrated that a change in n-conjugation
could affect the conductance of the molecule in the absence of the acetylene spacer due to =-
system of ON state orthogonal to m-system in the spacer with dihedral angle which is the angle
formed by the planes of the pyridine and Dimethyldihydropyrene derivatives ¢= (41.1°,-
42.3%for right and left side respectively compare to the presence of acetylene with ¢= (-
3.7%,5.8%) in closed system. In the OFF system I found that ¢ = (-13.5°2°) compare to ¢ = (-

32.19,25.3% when the acetylene not present in OFF system.

(a)

(b)

(c)

log(T)

8 —(2,9)ON
—(2,9)OFF

-1.5 -1 -0.5 0 0.5
E(ev)
Fig. 5.10. DFT-based transmission calculations. (a) The molecular junction containing (2,9)’ON

without acetylene (b) (2,9)’OFF without acetylene (c) Transmission as a function of energy for the

ON (blue) and the OFF molecule (red).
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A second approach in addition to the previous molecules are systems with bridging to
bipyridine from both sides without the acetylene linker in ON system (2,9)” and (2,9)’OFF. On
the contrary, the acetylene spacer unlike the (5,12)’0ON and (5,12)’OFF has not affected the
difference of transmission coefficient between (2,9)’ON and its OFF state as in figure (5.10).
In addition, transmission curve for (2,9)’ON is almost same as (2,9) ON in the absence of the
spacer as shown in figure (5.11). In terms of dihedral angle which is the angle formed by the
planes of the pyridine and Dimethyldihydropyrene derivatives in (2,9) for the ON system when
acetylene is included= (2.5°2.6%) compare to ¢ = (12.1.5°13.6%) when acetylene is absent.
Whereas (2,9) OFF is ¢ = (1.7°,2.2%) in contrary to ¢ = (-23.7°,28.2°% in (2,9)’OFF when

acetylene not included.

log(T)

——(5,12)ON
~—— (5,12)'OFF
(2,9YON
—(2,9)OFF
= =(5,12)ON
— =(5,12)OFF
(2,9)ON
- =(2,9)OFF

-15 -1 -05 0 0.5
E(ev)

Fig. 5.11. DFT-based transmission calculations. Transmission as a function of energy for the

closed (5,12)’ON (blue) (2,9)’ON (yellow)and the (5,12)’OFF in (red), (2,9)’OFF (purple) in solid

lines. The dashed lines represent the same molecules in the present of the acetylene spacer.

Thereby, these results indicate that the difference between ON and OFF is enhanced by the

absence of the acetylene for (5,12) connectivity compare to (2,9) ON and OFF as shows in
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figure (5.11). The apparent difference in the transmission curve has been attributed to the

spacer acetylene, which leads to shrink in the HOMO-LUMO gap when acetylene is presented.

To enable a more precise comparison between the (5,12)and (2,9) in ON state to (5,12)and
(2,9)OFF state, I have calculated the transmission spectra when acetylene is presented and with
exactly same internal core in these different connectivities, in order to gain a deeper insight
about the switching effect and the connectivities dependence. Figure (5.12) shows that the
difference in the transmission coefficient was found to be sensitive to the connectivity

especially for the OFF state and this is supported as well by the tight binding model as in

figure(5.3).

0
-2
E -4
()]
o
-6
—(5,12)ON
-8 —(5,12)0FF |
(2,9)ON
—(2,9)OFF
-10
15 -1 05 0 05

E(ev)

Fig. 5.12. DFT-based transmission calculations. Transmission as a function of energy for (a)
(5,12)ON(blue) ,(b) (5,12)OFF in (red), (c)(2,9)ON(yellow)and(d) (2,9)OFF(purple) when having
same internal part in the core and remove alkyls from the sides of (5,12).
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Fig. 5.13. DFT-based transmission calculations. Transmission as a function of energy for the

closed (2,9)*ON (blue) (2,9)ON (red).

In addition, the transmission coefficient was calculated for (2,9)* ON in same position (2,9)
but with different connection in the internal part of the core with chain of CH3. It is expected
that this molecule yields the same transmission as the previous (2,9) ON due to the weak effect
of CH3. It is worth noting that methyl groups usually have a weak effect on the conductance,
but this is not the case here as shown in figure (5.13). To test the effect of methyl group, another
electron transport calculation was performed on (2,9)*ON after removing this group and

replacing it by hydrogens. It should be noted that the transmission is significantly increased
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compare to the case when the methyl group presents. This higher transmission coefficient arises

due to the presence of this group and prove the significant role of this group in figure (5.14).

log(T)

1.5 -1 -05 0 0.5

Fig. 5.14. DFT-based transmission calculations. Transmission as a function of energy for the
closed (2,9)*ON with CH3 (blue) (2,9)ON with CH3 (red), whereas (2,9)*ON with H is (yellow)

and (2,9)ON with H is (purple).

This switch behaviour is verified not only by TB calculations, but also by DFT. For ON states
both DFT and TB exhibit a constructive interference with high conductance, which means the
DFT results agreed well with the simple concept that was captured by the tight binding model.
In the OFF state, both calculations are also similar, showing that a destructive interference in
the case of TB whereas DFT shows a lower constructive interference compare to the ON state.

This more pronounced DQI behaviour in the TB model is due to the neglect of c-orbital
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contributions in the transport calculation. Inspection of the molecular orbitals in (5,12) ON and
(2,9) ON shows that almost all orbitals are well extended across the backbone in figure (5.15),

except the L+1 in the triple case is localized compare to the single case figures (5.16).

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2

%%%hkk%

Open DHP2

g W o#o «0» m oﬁw W
DHP3 5.1

Open DHP3 -5.12 -5.06 -4.51 -2.58 -2.89 -1.82

Fig. 5.15. Molecular orbitals when the acetylene spacer presents in (5,12) ON, (2,9) ON and their

OFF states.

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2

Open DHP2

&%ﬁ—%—%”ﬁ“*%m

DHP3
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Fig. 5.16. Molecular orbitals when the acetylene spacer is absent in (5,12)ON , (2,9)ON and their

OFF states
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Moreover, in the H-2 for the (5,12) ON, the weight is localized in the pyridines from both
sides, whereas with the triple bond it is concentrated in one side only. It is worth mentioning
that the pyridine ring is highly twisted due to the absence of the spacer in (5,12) ON compare
to (2,9) ON. This effect means that the (2,9) ON transmission coefficient as a function of

energy has a smaller difference when spacer is present and without it.

Dihedral angle Molecule | Dihedral angle

in (2,9)
DHP2 ¢ =(-3.7°5.8) D3 ¢ =(2.5°2.6%
DHP2’ ¢ = (41.1.59,-42.39) — ¢ = (-12.1°,13.6°)
CPD2 ¢ =(-13.20,29) — ¢ = (1.7°.2.29)
CPD2’ ¢ =(-32.19.25.39) — b = (-23.7°,28.20)

Figure (5.17) shows different dihedral angle formed by the planes of the pyridine and
Dimethyldihydropyrene derivatives in the case of single and triple bond in (5,12), (2,9)

ON and (5,12),(2,9)OFF

Furthermore, the relaxed configuration in (2,9) ON when the spacer presents and without it
shows a slight change in the geometry compare to the geometry change of (5,12) ON in the
present of the spacer, which is significantly affected when the acetylene not presented. These
changes reflect in the molecular orbitals of the core and the pyridine. Thus, the transmission
curve shows in both cases of (2,9) ON and (2,9)’ON for single and triple bonds almost the same

value compare to the effect in (5,12) ON and (5,12)’ON for single and triple bond.
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5.3 Conclusions

In summary, a study in dimethyldihydropyrene (DHP)ON state and cyclophanediene (CPD)
OFF state in different connectivities. It highlights the role of perturbation theory in these
switchable molecules when a swap occurs in the symmetry between the molecular orbital of
HOMO and HOMO-1 taken place. Moreover, this switch from OFF state to ON state does not
create new orbitals; it is merely a change of the molecular orbital ordering.

I performed a theoretical study for ON state and OFF state in different connectivities. I
presented a detailed calculation analysis of the conducting (5,12) and (2,9) when it switched to
the non-conducting state with same connectivities. A direct correlation of electronic structure
and transport properties of ON and OFF molecules was found by using perturbation theory, in
which this perturbation can be captured in a simple tight binding model of the switch behaviour.
This perturbation causes a swap between the molecular orbitals in HOMO-1 and HOMO
switching them from asymmetric and symmetry in open state to symmetric and asymmetric
ON state. Furthermore, the influence of the acetylene spacer, can promote the conductance

difference in (5,12) but not in (2,9).
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Chapter 6

6.1 Conclusion

In conclusion, this thesis theoretically investigates transport properties at the nanoscale, by
using DFT, Green’s function methods and tight binding methods, as discussed in chapters 2

and 3, respectively.

Chapter 4 presents studies of the charge transport of anthraquinone and its derivatives in
different conjugation systems. DFT calculation reveals that a curly arrow rule is broken in the
case of the cross conjugated molecule (anthraquinone). Confirmation that this rule is still
broken when trying various of anchor groups with two different kinds of electrodes. These
calculations shows that this behaviour is a general behaviour for anthraquinone. This feature
originates from the evolution of the HOMO of dihydroxyanthracene into the LUMO of
anthraquinone when removing of the hydrogen atoms from the hydroxyl groups of
dihydroxyanthracene. The conductance of the junction increases by a couple of orders of
magnitude due to the transition from constructive to destructive QI. This opens new avenues
for realization of QI-based single-molecule switches. Curly arrow rules break down in
molecular junctions formed by cross-conjugated anthraquinone. Whereas Curly arrow rules
predict destructive QI for a meta connected anthraquinone core, we obtained a constructive QI.
This behaviour is independent of choice of electrode material or anchor groups and arises from
the evolution of the HOMO of dihydroxyanthracene into the LUMO of anthraquinone upon
removal of the Hs from the pendant OH groups of dihydroxyanthracene. In addition, my result
does not confirm the validity of the curly arrow rules in broken conjugated dihydroanthracene,

where a strong destructive QI dip was not obtained.
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Finally, chapter 5 shows a theatrical study in dimethyldihydropyrene (DHP)ON and
cyclophanediene (CPD) OFF in different connectivities(5,12) and (2,9). I demonstrated the role
of perturbation theory in theses switchable molecules when a swab occurs in the symmetry
between the molecular orbital of HOMO and HOMO-1 taken place. Moreover, this switch from
ON state to OFF state does not create new orbitals; it is only a change of the molecular orbital
ordering.

In summary, I performed a study for two connectivities (5,12) and (2,9)ON states compare to
(5,12) and (2,9)OFF states with different connectivities. I presented a detailed calculation
analysis of the conducting (5,12) and (2,9) when it switched to the non-conducting state.
Introducing a perturbation in (2,9) and (5,12) OFF states cause a swap between the molecular
orbitals in HOMO-1 and HOMO and can be exhibited in simple tight binding model. I found
that the difference in conductance between the two states ON and OFF can be promoted by

using the acetylene spacer in the case of the connectivity of |(5,12) but not in (2,9)

6.2 Future Works

In chapter 4, I studied the connectivity dependence of quantum transport through
anthraquinone and anthracene cores, connected to both graphene and gold electrodes. For the
future, it would be of interest to explore the connectivity dependence of phonon transport
[1][2], since the control of heat through solids and solid-molecule interfaces is of interest for
thermal management of nanoscale devices and for increasing the performance of
thermoelectric materials. It would also be of interest to explore the use of alternative
electrode materials for molecular electronics, including superconducting electrodes [3][4].
The latter would be particularly interesting, because the interplay between superconducting
quantum interference effects and quantum interference within molecules is a largely

unexplored area of research. Quantum interference can also be controlled by introducing
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pendant redox units [5], charge transfer complexes [5] and heteroatoms [6][7]and therefore
detailed studies of the connectivity dependence of such effects in the presence of five-
membered rings would be of interest. In addition, many other aspects in this field deserve
further attention, including spin transport in dihydroxyanthracene on the removal one
hydrogen in the presence of gold and graphene electrodes. In chapter 5, I focussed on the
connectivity dependence of electrical conductance and the tuning of quantum interference via
the symmetry of frontier orbitals, which underpins the switching behaviour of the photo-

switchable dimethyldihydropyrene and its derivatives.
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